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Chapter 2 
Fundamental aspects of flame retardancy 
A Richard Horrocks and Jenny Alongi 
 
2.1 Introduction 
Materials such as plastic and textiles, which play an important role in everyday life, mainly consist 
of organic polymers, thus flammable and potentially dangerous species. Flame retardants have been 
developed to reduce the risk either by inhibiting the possibility of the material igniting or reducing 
the rate of flame spread when it is necessary. Flaming combustion is a gas-phase oxidative process 
requiring oxygen (or air) from the atmosphere. Thus, prior to undergoing flaming combustion, the 
polymer first degrades giving rise combustible species, which can mix together with atmospheric 
oxygen and then fuel a flame (see Figure 2.1). Because of the exothermicity of the flame, if enough 
heat is transferred to the material surface, it may cause further degradation, and a self-sustaining 
combustion cycle can be promoted.  
 
Figure 2.1 
 
On the basis of these considerations, the next three paragraphs will briefly discuss on the thermal 
degradation and oxidation of the polymers in order to thoroughly describe the direct consequences 
of such phenomena on the further combustion of a polymer [1]. 
  
2.2 Thermal degradation of polymers 
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When a polymer is heated, several thermal decomposition steps can occur at different transition 
temperatures, which may influence the ultimate flammability of the fibre and hence of the textile. 
Table 2.1 [1] lists the commonly available fibres with their physical glass transition (Tg) and 
melting (Tm) temperatures, which may be compared with their degradation or pyrolysis (Td or Tp) 
and ignition flaming combustion (Tc) values.  In addition, Table 2.1 also presents the typical values 
of flame temperature and heats of combustion (Hc).  Generally, the lower the respective Tc (and 
usually Td) temperature and the hotter the flame, the more flammable is the fibre.  This 
generalisation is typical of the natural cellulosic fibres such as cotton, viscose and flax as well as 
some synthetic fibres like acrylics. Furthermore, the respective Limiting Oxygen Index (LOI) 
values, the minimum volumetric concentration of oxygen, expressed as a percentage that will 
support combustion of a polymer is included in Table 2.1, as well.  
 
Table 2.1 
 
Generally speaking, fibres with LOI ≤ 21.0% (the natural oxygen content of air) are very 
flammable; they turn to be moderately flammable when LOI is within 21.0-25.0% and show a 
limited flammability when LOI is beyond 25.0%, so that they start to pass various national and 
international standard tests for flame retardant textiles [2, 3]. 
Before a polymer can undergo flaming combustion, it must first decompose evolving flammable 
volatiles. Pure polymeric materials degrade via one or more of the following simple processes: 
• End chain scission: here individual monomer units successively cleave from the chain end 
usually leading to significant formation of volatiles;  
• Random chain scission: here scissions occur at random locations along the polymer chain; 
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• Chain stripping: this occurs when atoms or groups belonging to the polymer backbone are 
cleaved off;  
• Cross-linking: this occurs when bonds are formed between adjacent polymer chains. Such 
reactions often lead to carbonaceous char formation. 
 
Synthetic polymers fall into three physical types, each of which will decompose in a different 
manner upon heating: thermoplastic polymers, which soften and melt before decomposing; 
thermosets (cross-linked), which do not melt and decompose yielding char and evolving volatiles, 
and elastomers, which are rubber-like materials.  
Since polymers are rarely pure in the true chemical sense, the intrinsic thermal degradation 
characteristics of any commercial polymer or textile can be influenced by the presence of 
impurities, such as: i) those already present in monomeric feeds to polymerisation plants, ii) 
polymerisation initiation or catalyst residues, iii) thermally-derived degradation products generated 
during polymerisation and processing, and iv) contaminants introduced during processing including 
atmospheric oxygen and metallic ions released from processing plant equipment. 
 
2.3 Thermo-oxidative degradation of polymers 
Polymer degradation is almost always much faster in the presence of oxygen (or air) due to the 
accelerating reactions between oxygen and carbon-centred radicals (e.g. RO•) released from the 
initial degradation products. These interactions with oxygen result in an increase in concentration of 
polymer alkyl radicals (R•) leading to higher levels of scission and cross-linked products. 
Furthermore, fragmentation reactions of oxygen-centred radicals yield new oxidation products with 
structures not found under an inert atmosphere. These radicals can undergo abstraction, 
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fragmentation and combination reactions with both the original polymer and other products from 
the decomposition. Such reactions can affect the polymer during processing, particularly if the 
required temperature is high, and also derived fibre and textile performance during end-use.  
In particular, the so-called Bolland and Gee reaction scheme [4] (Figure 2.2) and its subsequent 
developments have been applied in order to explain the chain reaction characteristics involved in 
the thermal-oxidation of polyolefins, as well as of many other fibre-forming polymers comprising 
aliphatic polyamides and polyesters and polypropylene. 
 
Figure 2.2 
 
2.4 Degradation of individual fibre-forming polymer types 
When polymers are subjected to heat, usually the weakest bonds that break first will determine the 
overall character of the subsequent degradation pathways. Since flammability is associated with the 
availability and ease of oxidation of volatile degradation products, the degradation pathways that 
lead to the formation of volatiles are of great importance in the early stages of the degradation 
process. Cross-linking reactions usually give rise to eventual char (i.e. a thermally stable 
carbonaceous, multilamellar structure) formation and thus may minimise formation of volatiles 
(Figure 2.1). Condensed phase flame retardants act by facilitating such char formation and 
reduction of flammable volatile evolution. 
   
2.4.1 Natural fibre-forming polymers 
Cellulose: Of greatest importance is cotton, a natural form of cellulose, which comprises around 
50% of the world’s textile markets. Thus the decomposition of cellulose has been extensively 
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studied [5, 6]. Whilst other more detailed mechanisms have been reported in the literature [7], the 
basic processes proposed are all in line with that first described by Shafizadeh and Bradbury [8] 
who suggested the formation, during the early degradation stages, of ‘Cellulose*’, i.e. an ‘activated’ 
cellulose species, which then undergoes further reaction depending on the temperature regime as 
presented in Stage I of the reaction schemes in Figure 2.3. 
 
Figure 2.3 
  
Whilst the existence of this Cellulose* species is controversial, experimental evidence as a free 
radical for the Cellulose* species was assessed by Price et al [6]. At lower temperatures, oxygen 
plays a dominant role in cellulose degradation, as pyrolysis has been shown to be faster in an 
oxidative atmosphere than in inert conditions although at higher temperatures degradation products 
are little affected [8].  Oxygen catalyses the evolution of volatiles as well as of char promoting 
reactions [9, 10]. This mechanism has been recently shown to be heating rate dependent at very 
high heating rates (100-300°C/min) [11]. Essentially, the balance between the two subsequent 
competitive processes at 300-400 °C in Stage I, namely depolymerisation  and dehydration , as 
schematised in Figure 2.3, determines the ease of ignition. It is primarily this balance that 
condensed phase flame retardants influence in that they usually enhance the dehydration, char-
promoting reactions at the expense of volatile fuel formation (see below). 
Depolymerisation is initiated by the scission of acetal bonds between the chain glycosidic units, 
followed by successive splitting of volatile fuel-forming levoglucosan, the cyclic monomer of 
cellulose, from ensuing chain ends [12]. Competing dehydration reactions lead to thermally stable 
aliphatic structures (char I), which subsequently are converted via Stage II into aromatic structures 
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(char II), with water, methane, carbon mono and dioxide evolution (400-600 °C). Char II (ca. 18%) 
is thermally stable at least up to 800 °C.  
As a consequence, the overall degradation process is the result of several competing reactions; 
furthermore, the yield of volatiles and the yield and thermal stability of the final char depend on the 
kinetic control exerted by the chemical degradation reactions and therefore on the adopted heating 
rate. Thus, the char produced by cotton degradation in nitrogen at 10 °C/min is thermally stable up 
to 800 °C, while, at very high heating rates, it decomposes at much lower temperatures. 
When the degradation occurs in the presence of atmospheric oxygen, a further heating rate effect is 
found, depending on the sensitivity to oxygen of the chemical degradation reactions occurring in the 
polymer condensed phase, in which oxygen diffusion is heating rate dependent. As an example, 
cotton heated at low heating rates in air gives a larger char yield than at high heating rates with 
variable thermal stability. 
 
Protein fibre-forming polymers: proteins or poly(α-amino acids) contain the amide bond common 
to polyamides and may be considered as α-carbon substituted polyamides. Thus their potential 
thermal degradation behaviour might be expected to be similar to that of the aliphatic polyamides 
except that the α-substituents or -R groups are often quite reactive because of their functionalities 
which significantly influence the overall thermal degradation behaviour and potential flammability. 
The most important protein fibre-forming polymers that require flame retardation are silk and wool 
[1-3, 13]. Silk comprises 16 α-amino acids, among which glycine (R= -H), alanine (R= -CH3) and 
serine (R= -CH2OH) are the most abundant. When heated, silk starts to decompose above 250 °C 
and forms a char. Charring can be increased by the application of phosphorus-containing species 
[14].  
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Wool, which also comprises a large number of α-amino acids (18), some of which are present in 
silk, is uniquely identified by the presence of sulphur-containing α-substituents: in particular, 
cystine (R = -CH2-S-S-CH2-) comprises nearly 10 wt.-% of the whole fibre and provides cross-links 
between adjacent polypeptide chains. This high sulphur content (3-4 wt.-%) coupled with the high 
nitrogen content (15-16 wt.-%) present in both chain and side groups contribute to the inherently 
low flammability of wool. When this fibre is heated, it first gives off its adsorbed moisture at 100 
°C and above. Its thermal degradation starts above 200 °C and rapidly produces gaseous species 
such as H2S, due to the cleavage of disulphide bonds above 230 °C [15], and gives rise to char 
formation [16]. Cross-linking and dehydrating tendencies of its α-substituents induce the evolution 
of non-flammable volatiles coupled with char formation. Their overall effect is responsible for a 
relatively high ignition temperature around 570-600 °C and low flame temperature of about 680 °C. 
The reducing character of the cystine disulphide bond encourages the subsequent oxidation during 
the pyrolysis/combustion process.  
 
2.4.2 Thermoplastic fibre-forming polymers 
Polyolefins: for both polyethylene (and its many copolymers) and polypropylene, the main thermal 
degradation routes follow the initial random chain scission mechanism. These reactions are only 
slightly affected by the differences in physical structure such as crystallinity but are influenced by 
the presence of impurities although these have little or no effect on the flammability.  
In the case of polypropylene (PP), pyrolysis is dominated by the initial chain scissions, usually at 
the carbon-carbon bond adjacent to the labile tertiary hydrogen atom in the repeating unit. Heating 
various forms of the polymer, including waste polypropylene, generates a mixture of quite clean 
hydrocarbon fuels [17, 18] and other valuable products such as lubricants [19]. This efficient fuel-
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forming tendency explains the high flammability of polypropylene and the difficulty of generating 
high levels of flame retardant properties.  
The complete absence of cross-linking reactions ensures that char-forming reactions are not 
favoured in the presence of conventional condensed phase flame retardants. Thus, the most 
effective flame retardants for polyolefins are usually either halogen-based (primarily via 
organobromine compound addition) so that flame inhibition occurs in the gas phase or intumescent-
based where char-promotion arises from the flame retardant itself. 
 
Aliphatic polyamides (nylons): the thermal degradation of all linear, aliphatic polyamides is 
substantially influenced by two major factors, namely: (i) the strength of the weakest chain bonds 
around the amide group and ii) the actual bond cleavages which occur and which involve the – 
NH.CH2 –  and  - NH.CO - scissions [20]. These occur randomly and give rise to gaseous products 
like NH3, CO and CO2, low molecular weight fragments and subsequent degradation products from 
these latter. Among these simple gases, only CO is flammable; however, the volatiles generated 
from the shortest polymer chain fragments provide the major fuel components. Thermal 
decomposition of nylon 6 involves the depolymerisation to its monomer caprolactam, the rate of 
which increases with temperature. Thermal lability of aliphatic nylons can also be influenced by the 
potential for ring-forming during chain degradation. In nylon 6.6, the adipate repeating units enable 
the formation of six-membered intermediates along the polymer chains with the eventual formation 
of cyclopentanone and its derivatives [21]. These are considered to be the precursors leading to gel 
formation. Nylon 6.6 is particularly prone to this and justifies the reason for which melt extrusion 
processes often require more interruptions because of potential gel blockages than is the case of 
other polyamides, like nylon 6. While gel formation mechanisms are not well-understood, in nylon 
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6.6, the formation of cyclopentanone derivatives and their subsequent reaction products are believed 
to be involved. 
The overall flammability of the simple nylons is determined by their relative propensities to shrink 
and melt away from an ignition source, as well as by the nature of the produced volatiles. Indeed, 
these latter will have a reduced fuel value if ammonia and carbon dioxide are present in significant 
quantities. Any flame retardant strategy should either address the possibility of reducing the amount 
of non-fuel gases in the volatile products or enhance the gel formation which may then lead to char-
formation. Unfortunately, to date, few efficient flame retardants have been successfully 
commercialised for nylons 6 and 6.6 partly because of the reactivity of nylon melts toward additives 
based on bromine-containing retardants on the one hand with the adverse effects of acid-generating, 
phosphorus-containing species on the molecular weight of melts during processing. Weil and 
Levchik [22] have reviewed this whole area and shown that certain melamine salts could be used as 
promising flame retardants. 
 
Polyesters: The principal linear fibre-forming polyester is poly(ethyleneterephthalate) (PET) and so 
this will be the principal chosen exemplar in this group [23-25]. Studies of its thermal degradative 
behaviour mirror those of the aliphatic polyamides above in that during the commercial 
development of PET during the 1950’s and 1960’s, the basic research work was undertaken then 
[a]. While some cross-linking tendency has been identified [24], in the main, random chain scission 
dominates thermal degradation with the major product being acetaldehyde being formed at 
temperatures up to 290°C along with smaller amounts of CO, CO2 and ethane and very small 
amounts of other fuels such as methane and benzene [25].  
A simplified version of the primary stage appears to be: 
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          ∆ 
−C6H4. CO.O. CH2. CH2.O. CO−          →       −C6H4. CO.OH +    
 
CH2 = CH2.O. CO. C6H4. − 
−C6H4. CO.O. CH2 = CH2   +   HO. CO. C6H4. −    →     CH3. CHO   +  
        −C6H4. CO.O. CO. C6H4. −   
 
in which it is seen that acetaldehyde is formed as the major initial flammable volatile. Action of 
further heat causes polymerisation of the vinyl ends coupled with loss of CO and CO2 as the 
anhydride links undergo further scission. While cross-linking ensues from this reaction, it is 
insufficient to be considered as a significantly char-forming reaction. 
Thus any flame retardant must counteract the effect of or reduce the amount of the acetaldehyde 
formed. While the actions of bromine- and phosphorus-containing species have achieved varying 
degrees of success, no successful flame retardant to date has managed to confer a significant char-
forming character to the degradative mechanism and this is perhaps an indication in the challenges 
involved with effectively flame retarding linear polyesters in general. 
A similar position of non-charring tendency occurs with the aliphatic polyesters such as poly(3-
hydroxy butyrate)(PHB), poly(є-caprolactone)(PCL) and poly(lactic acid). For PHB, random chain 
scission dominates whereas for PCL, unzipping is the major thermal degradation route [26]. PLA 
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has a more complex set of concurrent degradative mechanisms which give rise to smaller 
oligomeric and potential fuel-forming products [26, 27]. 
 
 
 
2.4.3 High temperature resistant fibre-forming polymers 
These materials tend to be highly aromatic with rigid polymer chain backbones to yield polymers 
having very high Tg values, absence of achievable melting transitions and decomposition 
temperatures rarely below 400 °C. Principal members are the well-established poly(meta- and para-
phenylene amides) typified by the respective commercial examples Nomex® and Kevlar® (Du 
Pont). These and others are more fully discussed in Chapter 5. Usually in such polymers, the lower 
the aliphatic content, the lower is the hydrogen to carbon ratio and hence the lower is the 
flammability of any polymer. Polymers bearing aromatic units have generally H/C ratios < 1 and so 
their ability to generate volatile and flammable degradation products at temperatures below 500 °C 
is very limited. Consequently, they have LOI values generally above 30% and are generally deemed 
to be sufficiently flame resistant for their specific applications [12]. 
 
2.5 Polymer combustion 
A polymer fire is fuelled by combustible pyrolysis products escaping from its surface due to heat 
being transferred from the flame in contact with the polymer surface and also radiated from the 
flame itself, which is the significant cause of flame spread (Figure 2.1). This process can be 
modelled at the laboratory scale by the cone calorimetry technique (ISO 5560:1990 [28]). The 
oxygen required for sustaining the flaming combustion diffuses in from the surrounding air 
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environment. Various solid particles escape from the flame as smoke, which is accompanied by 
gaseous species, some of which can also be toxic [29]. The significant polymer degradation 
reactions occur normally within one millimetre of the interface between the flame and solid 
polymer where the temperature is high enough for condensed phase degradation reactions to occur. 
These involve the polymer and any additive systems included in the formulations or external 
surface treatments. The volatile species formed escape into the flame zone whilst heavier species 
remain to undergo further reaction and may eventually transform into a char. This is where the 
significant condensed phase chemistry occurs. Experimental studies of this region have been 
undertaken by Price et al [30] and Marosi and coworkers [31, 32]. Figure 2.4 provides a schematic 
representation of the various zones involved as a polymer fire spreads across a horizontal textile 
surface, e.g. a carpet. 
 
Figure 2.4 
 
2.6 Influence of polymer degradation on the subsequent combustion  
As previously mentioned, the polymer combustion cycle can be referred to the schematic 
representation given in Figure 2.1. In order to let a polymer material undergo flaming combustion, 
it must first degrade to evolve combustible volatiles, which mix together with an oxidative 
atmosphere. Once the ignition temperature is achieved (in presence or not of a suitable ignition 
source, such as a spark), this mixture will ignite. The flames will yield gaseous products like smoke 
and fumes and heat as well; some of the evolved gases may be toxic. Some of the heat will be 
conducted or radiated back to the original polymer to cause further degradation. Provided this heat 
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is sufficiently intense, a combustion cycle will be established as schematically indicated previously 
in Figure 2.1 
For a given polymer, the strategy to be adopted will be largely dictated by the respective chemistry 
of the thermal degradation process. 
 
2.7 Flame retardancy and mechanisms 
2.7.1 Chemical and physical mechanisms 
Figure 2.1 shows the combustion process as a feedback system, which may be interrupted at 
various points to create flame retardancy. Thus the commonly flame retardants may be considered 
to function according to one or more of the following ways: 
(a) By removal of heat, 
(b) By enhancement of the decomposition temperature Td (or Tp), at which a significant generation 
of volatiles occurs, 
(c) By the reduction of volatiles and associated combustible gas formation and char promotion, 
(d) By preventing the access to oxygen, or dilution of the flame and 
(e) By enhancing the temperature, at which the gaseous fuels ignite.  
 
Figure 2.1 presents the three major modes (1) – (3) proposed for flame retardant behaviour, by 
which flame retardants may function.  Mechanism (1) consists of a heat barrier effect via char or 
other residue formation and/or a heat sink effect whereby heat is either removed from or prevented 
from returning to the polymer. Examples of such flame retardants include those having high heats 
of fusion and/or degradation and/or dehydration (e.g. inorganic and organic phosphorus-containing 
agents, aluminium hydroxide or "alumina hydrate" often used in coatings) as well as those with 
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intumescent properties. More specifically with regard to the latter, when an intumescent material is 
subjected to a heat flow, it develops a carbonaceous shield (char) on its surface. This protection acts 
as a physical barrier able to limit the heat, fuel and oxygen transfer between the flame and polymer. 
Usually, the intumescent material consists of three components: i) an acid source (e.g. ammonium 
phosphates or polyphosphates, which release phosphoric acid), ii) a carbon source (e.g. 
pentaerythritol, arabitol, sorbitol, inositol, saccharides, polysaccharides, etc.), and iii) a blowing 
agent (guanidine, melamine, etc.), which releases great amounts of expandable or non-combustible 
gases (ammonia or carbon dioxide) upon heating [33-37]. The simple borates operate by the 
formation of glassy surface deposits that act as a heat barrier to the underlying textile substrate.  
Mechanism (2), namely reduced volatile formation and enhanced char formation, is exemplified by 
most phosphorus- and nitrogen-containing flame retardants in cellulose (e.g. cotton) and wool and 
heavy metal complexes in wool.  
Char formation is more difficult to achieve in the common thermoplastic fibres that do not cross-
link during thermal degradation. Polyacrylic fibres represent an exception, however, as shown by 
their well-known ability to be transformed into carbon fibres [38]. This inherent tendency to form 
char is enhanced in the presence of phosphorus- and nitrogen-containing flame retardants such as 
ammonium polyphosphate, despite their low durability [38], which precludes their use in textile 
fibre applications.  Mechanism (3) occurs when the flame evolution is influenced either by species 
that terminate the flame chain reaction chemistry or physically dilute the reacting species. Such 
chain terminators are radical species generated from the flame retardant present as exemplified by 
the effectiveness of Cl• and Br• radicals generated by halogen-containing species if present [39]. 
Halogen-containing flame retardants, more usually as organobromine compounds are used typically 
in combination with antimony oxides as synergists (see Section 2.7.2 below) and these formulations 
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are particularly useful for textile coatings and back-coatings [40]. The only commercial, inherently 
flame resistant acrylic fibres are the so-called modacrylic fibres (see Chapter 5), which include 
vinyl or vinylidene comonomers within the copolymeric acrylonitrile structure; nowadays, 
antimony III oxide is also often included as synergist in both coating and modacrylic formulations. 
Physical dilution of the flame occurs when water-releasing flame retardants such as hydrated and 
some char-promoting retardants are used, as well as halogen-containing retardants that release 
hydrogen halide during the formation of the chain-breaking species  Cl• and Br• radicals. 
From the above, it is clear that some generic flame retardants function in more than one mode. In 
addition, some flame retardant formulations produce liquid phase intermediates, which wet the fibre 
surfaces, thereby acting as both thermal and oxygen barriers, as in the case of borate/boric acid 
mixtures, which can also promote the char formation via their acidic properties.   
In order to simplify the classification of different modes of chemical flame retardant behaviour, the 
terms "condensed" and "gas or vapour" phase activities may be used, as schematically shown in 
Figure 2.5 a simplified version of Figure 2.1. Both are composite terms: the former will include 
modes (1) and (2) and the latter mainly mode (3) but with some contribution from mode (2) since 
the release of acidic hydrogen halides may catalyse char formation in some fibres like cellulosics.   
 
Figure 2.5 
 
Besides the physical mechanisms mentioned above such as flame dilution and barrier formation, the 
effect of thermoplasticity must also be considered. 
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Whether or not a fibre softens and/or melts (as defined by physical transitions in Table 2.1) 
determines whether it is thermoplastic or not. Thermoplasticity can influence considerably how a 
flame retardant behaves because of the associated physical change.  
 
Conventional thermoplastic fibres like polyamide, polyester and polypropylene will cause fabrics to 
shrink away from an ignition flame and avoid ignition – this can give the appearance of flame 
retardancy when, as a matter of fact, if the shrinkage could be prevented, these fibres would burn 
intensely.  Such shrinkage can give rise to apparently high LOI values because during this test the 
vertical sample is ignited form the top and molten drips flow away from the ignition front causing a 
premature extinction; therefore, higher oxygen concentrations are required to offset this. As an 
example, polyamide fabrics may yield LOI values as high as 24% when unsupported but LOI 
reduces to ca. 21% when the fabrics are supported on a glass fibre scrim, which prevents melt 
dripping [41]. This so-called scaffolding effect is seen also in polyester-cotton and corresponding 
blends, where the molten polymer melts on to the non-thermoplastic, charring cotton and ignites, 
thus making the blend much more flammable than one or both of the component fibres individually.   
In addition to the previous considerations, molten and often flaming drips represent a serious 
problem, which, while removing heat from a flame front and encouraging flame extinction, can lead 
to burns or secondary ignition of underlying surfaces (e.g. carpets or moquette). 
Most flame retardants applied to conventional synthetic fibres during manufacture or as finishes 
usually act by increasing melt dripping and/or promoting extinction of flaming droplets.  None to 
date have successfully reduced their thermoplasticity and promoted significant char formation as is 
the case of flame retarded cellulosic including viscose fibres [42]. However, flame retardant back-
coatings and coatings applied to thermoplastic fibre-containing textiles comprise char-forming resin 
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binders and so reduce overall fabric shrinkage and can even prevent hole formation in otherwise 
fusible fibre-containing fabrics. These resins combined with a bromine-containing species and 
antimony III oxide, are effective for extinguishing flame independently of the fabric composition 
(see Chapter 4). 
 
2.7.2 Retardant additive and interactive effects 
In many textiles, especially those comprising more than one fibre type (e.g. blends), more than one 
flame retardant system may be present or one of the fibres may be inherently flame retarded, while 
the other(s) requires the application of a flame retardant. Such combinations may exert additive or 
reactive effects. Reactive effects include antagonistic effects, where the combination of flame 
retardants may not only have a less than additive effect but also an enhanced flammability relative 
to the absence of both! A typical example refers to the combination of an inherently flame resistant 
polyester, Trevira CS® with wool flame retarded with hexafluoro zirconate, Zirpro® process [43]. 
However, the desirable reactive effect when flame retardants are combined is synergistic, i.e. the 
resulting flame retarding effect is greater than the sum of those of the singly flame retarded 
component fibres. 
The most well-known synergistic combination refers to the area of phosphorus-nitrogen flame 
retardants for cellulosics [3, 44]. As an example, the well-established organophosphorus- and 
nitrogen-containing durable finishes for cotton based on either tetrakis (hydroxymethyl) 
phosphonium salt-urea condensates (e.g. Proban®) or N-methylol dimethyl phosphonamide 
derivatives (e.g. Pyrovatex®) require respective N/P molar ratios of about 2-2.5 and 1.5-2 for 
optimal flame retarding effectiveness (see Chapter 4). 
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High levels of synergy are essential if halogen-containing flame retardant formulations are to be 
fully exploited, where the addition of antimony III oxide, which by itself has a little or negligible 
flame retardant effect significantly enhances that of the former. Antimony III oxide/halogen-based 
formulations primarily act in the vapour phase by mode (3) and flame chemistries for different 
fibres are essentially very similar [39].  For textile back-coatings, most antimony-halogen systems 
comprise antimony III oxide and bromine-containing organic molecules such as decabromodiphenyl 
ether (DecaBDE) or hexabromocyclododecane (HBCD) in spite of environmental concerns 
although their use in the next future may be curtailed [44] (see Chapter 4 and Chapter 6). Upon 
heating, the bromine-containing flame retardant releases HBr and Br• radicals, which interfere with 
the flame chemistry by removing R•, CH2•, H• and OH• species that are essential for the 
propagation of the flame oxidative chain reaction which consumes fuel (R•CH3) and oxygen [39, 
45]. This reaction is schematized in Figure 2.6. 
 
Figure 2.6 
 
The role of antimony in the effectiveness of bromine and chlorine flame retardation has been 
considered to involve the formation of flame active species such as antimony trihalides (e.g. SbBr3) 
and oxyhalides (e.g. SbOCl [39]). Based on these studies, most textile back-coating formulations 
are based on a 3:1 antimony:bromine molar ratio. 
 
2.7.3 The quantification of synergism 
A brief digression on the term synergism seems to be necessary in a comprehensive text focused on 
the flame retardancy of materials: to this aim, examples of synergism in the true chemical sense.  
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As mentioned above, the most well-known synergistic combination exists in the area of 
phosphorus-nitrogen flame retardants for cellulosics [3, 46]. 
The consensus of current opinion suggests that nitrogen in P-N synergistic retardants acts by a 
nucleophilic attack on the phosphate, creating polymeric species having P-N bonds. These latter are 
more polar than the already present P-O bonds, and the enhanced electrophilicity of the phosphorus 
atom increases its ability to phosphorylate the C(6) primary hydroxyl group of cellulose [2]. By this 
way, the intramolecular C(6)-C(1) rearrangement reaction forming levoglucosan is blocked. 
Meanwhile, the auto-crosslinking of cellulose promotes and consolidates the char formation derived 
by the action of the same flame retardants. 
Although numerous studies referring to the P-N synergism for cotton have been published so far 
and cited in previous reviews [2, 3], to the best of our knowledge, few qualitative determinations of 
this phenomenon have been established. However, Lewin [47] has demonstrated that it is possible 
to identify a real synergism between two species (namely, phosphorus and nitrogen) only through 
the calculation of a synergism effectiveness parameter (SE). Indeed, in some cases, the effect of the 
two species can be merely additive or even antagonist. 
SE can be defined according to the following equation: 
 
 
 
where (Fp) is a given flammability parameter (from flammability or combustion tests), (Fp)p is the 
flame-retardant property of the polymer alone, (Fp)fr is that of the polymer plus flame retardant, 
(Fp)s is that of the polymer treated with the synergist, and (Fp)fr+s is that of the full formulation 
comprising flame retardant and synergist. This parameter allows the direct quantitative comparison 
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of the synergistic properties between different flame retardants. SE>1 means that synergy is 
occurring; 0<SE1 points out a simply additive or cumulative effect, SE<0 implies antagonism. 
Since LOI is a numerical measure of flammability, this parameter provides a means of testing the 
SE concept. In fact Horrocks and coworkers have applied the concept to a number of different 
polymers containing halogen-containing systems to compare the relative synergistic effectiveness of 
antimony III oxide and possible replacements such as zinc stannate and zinc hydroxystannate [48]. 
This same group earlier published work on comparison of various nanoparticle/flame retardant 
combinations in polyamide 6 and 6.6 in order to distinguish between possible synergistic, additive 
and even antagonistic combinations [49, 50] using the SE concept. 
As an example of the concept in a fibre-forming polymer, Table 2.2 shows the  LOI results for cast 
films of PA6.6 with and without a nanoclay and in the presence of ammonium polyphosphate 
(APP), Proban® polymer (see Figure 4.2, Chapter 4), a proprietary intumescent supplied by 
Rhodia (comprising APP, pentaerythritol (PER) and melamine (MEL) )and a mixture of PER and 
MEL, each formulation present at various concentrations [49]. The PA6.6 was supplied by a 
commercial supplier both with and without a dispersed nanoclay of undisclosed type, but presumed 
to be of montmorillonite origin. SE values were calculated according to the formula: 
SE = { (LOI(nano + FR) – LOI (PA66))/(( LOI(PA66 nano) – LOI (PA66)) + (LOI(FR) – LOI (PA66))}  (2) 
and the results are listed also in Table 2.2 from which it is seen that synergy is observed 
particularly when both nanoclay and APP are present (SE>1), marginally when nanoclay and 
Proban® polymer are present (SE≥1) and absent when either MPC or MEL/PER formulations are 
present (SE<1). 
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2.7.4 Char formation 
As stated above, the most effective flame retardants are those, which promote char formation by 
converting the organic fibre structure to a carbonaceous residue or char (mode (c) in Figure 2.1).  
Indirectly, these flame retardants, which require absorption of heat before becoming active, will 
offer the additional mode (a) and, by releasing non-flammable molecules like CO2, NH3 and H2O 
during char formation, mode (c).  In addition, the char behaves as a carbonised replica of the 
original fabric, which continues to act as a thermal barrier, unlike flame retarded thermoplastic 
fibres. 
Char-forming flame retardants, therefore, offer both flame and heat resistance to a textile fibre and 
so can compete with many of the so-called high performance flame and heat resistant fibres like 
aramids and similar fibres (see Chapter 5). 
For char formation to be most effective, the polymer backbone must comprise side-groups, which 
on removal lead to the formation of unsaturated carbon bonds and eventually of a carbonaceous 
char following the elimination of most of the non-carbon atoms.  Most phosphorus- and nitrogen-
containing retardants, when present in cellulose, reduce volatile formation and catalyse char 
formation. This finding can be ascribed to their Lewis acid properties which upon heating, release 
polyphosphoric acid than then phosphorylates the C(6) hydroxyl group in the 
anhydroglucopyranose moiety, and simultaneously acts as an acidic catalyst for dehydration of 
these same repeat units as described previously in Figures 2.3 and 2.4.  However, vapour-phase 
active bromine-containing species may also influence the pyrolysis to the extent that they favour 
volatile reactions by enhancing the decomposition of levoglucosan to flammable furans, aldehydes 
and similar species. Here, the release of the acidic hydrogen bromide has obviously a dehydrating 
catalytic role.     
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Clearly, char-formation is not a simple process but is essential if flame retardant textiles are to resist 
ignition on one hand and maintain heat and fire barrier characteristics on the other. Elements like 
nitrogen and sulphur are known to synergistically enhance the performance of phosphorus-
containing retardants by further increasing char-forming tendencies. Such reactions also occur in 
wool fibres as a consequence of their complex protein (keratin) structure and in the non-
thermoplastic aromatic fibres, which have whole aromatic chains and which behave as char-
precursor structures.  
The major problem is encountered, however, with the commonly available synthetic polymers, 
polyester, polyamide, and polypropylene discussed above, which because of their tendencies to 
pyrolyse by chain scission or unzipping reactions and their general lack of reactive side groups, do 
not tend to be char-forming. An ideal char-promoting flame retardant would have to promote cross-
linking reactions before thermoplastic effects physically destroy the coherent character of the textile 
and this creates a conflict between being thermally stable during processing above the respective 
melting point and yet forming char at or close to the respective processing temperature.  As Table 
2.1 shows, Tm values for these fibres are within the range 160-260 °C with melt processing 
temperatures being typically 25-50 °C higher. Typically, many phosphorus- and nitrogen-
containing flame retardants start to decompose at about 250 °C – hence the conflict. 
The effect of water on the thermal degradation of cellulose is another important aspect that should 
also be taken into account, since the thermohydrolysis is considered the key reaction that 
determines the rates and outcomes of the char-forming and volatilization pathways [51]. 
This important effect is sometimes neglected in spite of interesting given by Camino et al. [51, 52].  
 
2.7.5 Smoke, fumes and combustion gases 
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Smoke has a vague definition, as stated by Price et al. [53]: indeed, it is generally considered to be a 
cloud of particles (individually invisible because of their reduced size), able to scatter and/or absorb 
visible light. Smoke differs from fume, since this latter can be considered as a less opaque form of 
smoke. During the combustion of a polymer, the production of “combustible gases” (e.g. CO) and 
“visible smokes” are crucial factors to take in consideration since the loss of visibility due to heavy 
smoke can hinder escape pathways, while toxic gas concentration (especially at high temperatures) 
can be very critical and as mentioned in Chapter 1, most fire deaths are associated with the 
inhalation of carbon monoxide. Since escape time during a fire can benefit from the reduction of the 
rate and intensity of visible smoke development, the investigation of effective smoke suppressants 
for polymers becomes a key parameter in the combustion processes of these latter. Visible smoke 
from burning polymers is usually a consequence of incomplete combustion. Upon heating, at 
certain temperatures, polymers undergo pyrolysis, thus giving rise to low molecular weight species. 
These species diffuse from the solid into the gas phase, where they form smoke and other reactive 
species that further fuel the polymer combustion. Aliphatic species are cracked to small alkyl 
radicals and grow to form conjugated polyenes or polybenzenoids that react and condense with 
other unsaturated species to give soot. On the other hand, fibre-forming polymers which already 
contain aromatic groups can act as smoke precursors. Meanwhile, the oxidation of carbon to oxides 
(CO and CO2) occurs through a competitive pathway to the soot formation. Several approaches, that 
involve certain chemical reactions occurring either in gas phase or in solid and liquid phases, have 
been developed for reducing the smoke production. The chemical reactions taking place in the solid 
phase seem to be one of the most promising and encouraging routes, as they allow dilution of the 
combustible polymer content, dissipation of heat and insulation and protection of the surface of the 
combustible substrate plus the final promotion of char and modification of the pyrolysis reactions. 
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The general consensus agrees that the use of most effective flame retardants containing phosphorus- 
and in particular antimony/bromine-based compounds may result in significant effects on toxic 
potency by modifying combustion efficiency and increasing the yields of smoke and asphyxiant 
gases. As an example, cotton treated with a bromine/antimony back coating is able to produce a 
higher amount of carbon monoxide (by a factor of 10) with respect to the untreated fabric in non-
flaming conditions at 700 °C [54]. 
The use of fillers, classified as inert or active, on the basis of their apparent smoke suppressant 
functions, is already documented in the literature for bulk polymers and these are largely irrelevant 
to the area of flame retardant textiles except where coatings are present. This is because fillers are 
present at very high levels which would otherwise negatively influence the desirable textile 
properties required. However, notwithstanding this caveat, such inert fillers as silica, clays and 
calcium carbonate are able to lower the amount of smoke generated from a given mass or volume of 
a polymer, by simply diluting or decreasing the amount of combustible substrate and also by 
absorbing heat (so that the burning rate slows down). On the other hand, aluminium and magnesium 
hydroxides behave as active fillers with considerable smoke-reducing properties and may be used in 
textile coatings. This is because, as stated above, they give rise to the endothermic release of water 
which cools the flame and reduces the smoke-forming reaction rates. However, among these 
species, only tin-based compounds are classifiable as smoke suppressants from the true chemical 
point of view [47, 55-57], although they are also synergists and effective replacements for antimony 
III oxide. 
Finally, the actual chemical character of smoke and fire gases and their general toxicity are very 
complex subjects and beyond the scope of this chapter but Hull [27] and Purser [54] have reviewed 
these topics.  
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2.8 Effect of fabric and yarn structures 
The burning behaviour of fabrics comprising a given fibre type or blend is influenced by a number 
of factors in addition to the burning behaviour of the fibres present. These include the nature of the 
igniting source and time of its impingement, the fabric orientation and point of ignition (e.g. at the 
edge or face of the fabric or top or bottom), the ambient temperature and relative humidity, the 
velocity of the air and last but not least fabric structural variables. Fabric orientation, point of 
ignition source and time and the atmospheric variables are controlled in any standard test (see 
Chapter 3). Thus the degree of burning intensity measured as burning rate, for example, for the 
same fabric ignited at the bottom will increase with the angle of inclination to the horizontal in the 
order: 
0o < 45° < 60° < 90° (i.e. vertical) 
In addition, as shown by Backer et al. [58], low fabric area density values and open structures 
aggravate burning rate and so increase the hazards of burn severity more than heavier and multi-
layered constructions. Hendrix et al. [59] have related limiting oxygen index, LOI, linearly with 
respect to area density and logarithmically with air permeability for a series of cotton fabrics, 
although correlations were poor. He showed that for the same fibre type, LOI values increased with 
area density but decreased with increasing air permeability. This is one reason why the LOI test has 
not achieved status as a standard method for textiles since there is no “standard” value for a given 
fabric comprising a specified fibre. Thus fabric flammability is determined not only by the fibre 
behaviour but the physical geometry of fibrous arrays in fabrics. This dependence of LOI on fabric 
structural variables was reviewed by ourselves over 20 years ago [41]. 
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The effect of yarn geometry and structure on burning behaviour has not been studied in depth; 
although the above referenced works on fabric structure infer that coarser yarns will have a greater 
resistance to ignition. This assumes that fibre type and area density remain constant (for coarser 
yarns, the cover factor will reduce and the air permeability will increase which will have the 
converse effect). Recent work by Garvey et al. [60] examined the burning behaviour of blended 
yarns comprising modacrylic/flame retardant viscose, where the flame retardant viscose is Visil® 
(Sateri Fibres, Finland), produced by both ring-spinning and rotor-spinning methods, having the 
same nominal linear densities and knitted into panels. This work is also discussed in Chapter 5 
regarding the behaviour of fibres blends generally and Figure 5.1 shows char lengths for 
modacrylic/Visil blends tested according to BS 5438:1989:Test 2. For a given blend, the tighter ring 
spun yarns tend to yield higher char lengths than the more open  rotor spun yarn-containing fabrics.   
This effect is mirrored in Figure 2.7 where LOI is plotted against blend content for the same series 
of fabrics. The more flammable rotor spun yarns are believed to be a consequence of the improved 
fibre component randomisation that occurs using this spinning method; in ring-spun yarns, 
component fibre aggregation is known to be a feature. This same research has shown that 
combining two 100% yarns each of different fibre content and half the previous linear densities 
during the knitting process to give a plated yarn having a 50:50 composition can give improved 
flame retardancy relative to blended yarns of the same linear density. It is evident; therefore, that 
yarn structure can influence fabric burning behaviour although in a complex manner. 
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Table 2.1: Significant temperatures of the more commonly used fibres [2, 3]. 
 
Fibre Tg [
oC] 
 
Tm [
oC] 
 
Td [
oC] 
 
Tc [
oC] 
 
Hc [kJ g-1] LOI [%] 
Natural fibres/fibre-forming polymers 
Wool - - 245 600 27 25 
Cotton - - 350 350 19 18.4 
Viscose - - 350 420 19 18.9 
Synthetic fibres 
Polyamide 6 50 215 431 450 39 20-21.5 
Polyamide 6.6 50 265 403 530 32 20-21.5 
Polyester 80-90 255 420-447 480 24 20-21 
Acrylic 100 >220 290 (with 
decomposition) 
>250 32 18.2 
Polypropylene -20 165 470 550 44 18.6 
Modacrylic <80 >240 273 690 - 29-30 
PVC <80 >180 >180 450 21 37-39 
Oxidised 
Acrylic 
- - 640 - 45 - 
Meta-aramid 
(e.g. Nomex®) 
275 375 410 >500 30 29-30 
Para-aramid 
(e.g. Kevlar®) 
340 560 >590 >550 - 29 
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Table 2.2: LOI values and SE values for PA6.6 films, with and without nanoclay, in the presence of 
selected flame retardants [49] 
 
 
 
 
 
PA6.6 film PA6.6 nanofilm
Additive/level, wt.-
%
%P LOI(PA66), %
LOI(PA66nano), 
%
SE
No additive - 21 21.8 -
13% APP 3.2 21.4 22.2 1.0
15% APP 4.8 21.4 23 1.7
20% APP 6.4 21.4 23.8 2.3
23% APP 7 23.4 25 1.3
27% APP 8.2 24.6 25.8 1.1
11% CC 1.8 21.6 22.2 0.9
15% CC 2.4 22.4 23.4 1.1
20% CC 3.2 22.8 24.2 1.2
23% CC 3.7 23.6 24.6 1.1
27% CC 4.3 24.4 24.6 0.9
11% MPC1000 2 21.8 21.8 0.5
15% MPC1000 2.7 21.8 22.6 1.0
20% MPC1000 3.6 23.8 24.2 0.9
23% MPC1000 4.1 24.2 24.6 0.9
27% MPC1000 4.9 25.4 24.6 0.7
11% APP/PER 2.2 21.8 22.2 0.7
15% APP/PER 3 22.6 22.6 0.7
20% APP/PER 4 23 23 0.7
23% APP/PER 4.6 24.2 23.4 0.6
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Figure 2.1. Scheme of polymer thermal degradation 
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Figure 2.2. Bolland and Gee reaction scheme [4] 
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Figure 2.3. Shafezadeh and Bradbury model for cellulose thermal degradation 
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Figure 2.4. Schematic representation of the various zones involved as a polymer fire spreads 
across a horizontal textile surface 
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Figure 2.5. Simple scheme of the polymer combustion 
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Figure 2.6. Decomposition mechanism of bromine-containing flame retardant under heating 
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Figure 2.7. LOI values of knitted fabrics from blended yarns of Visil® and modacrylic staple fibres 
[59] 
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